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Abstract
The forkhead genes encode a transcription factor involved in embryogenesis and pattern formation in multicellular organisms. They are
mammalian transcriptional regulators that bind DNA as a monomer through their forkhead domain. The Foxf2 (LUN) mRNA is expressed
in the mesenchyme directly adjacent to the ectoderm-derived epithelium in the developing tongue and in the mesenchyme adjacent to the
endoderm-derived epithelium in the gastrointestinal (GI) tract, lungs, and genitalia. To investigate the developmental role of the Foxf2 gene
during embryogenesis, we disrupted the Foxf2 gene and showed that these mutant mice died shortly after birth. Mice lacking the Foxf2 gene
were found to develop cleft palate and an abnormal tongue. In addition, we found that the GI tract and the lungs of Foxf2-deficient newborn
mice were normal in both morphology and function. These results suggest that the Foxf2 gene plays key roles in palatogenesis by reshaping
the growing tongue.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
Forkhead/winged helix proteins belong to a large family
of evolutionarily conserved DNA-binding proteins (Clark et
al., 1993; Kaufmann and Knochel, 1996). Well over 100
members of the family are characterized by a winged helix
DNA-binding domain and are essential for many aspects of
embryonic development, as shown by disturbances of em-
bryogenesis that result from the inactivation of forkhead
genes (Kaufmann and Knochel, 1996; Carlsson and Mahl-
apuu 2002; Miura et al., in press). A recently revised system
for naming members of the forkhead family (Kaestner et al.,
2000) has been devised, renaming this family the Fox (Fork-
head box) genes. In the mouse, some forkhead transcription
factors have been identified as components of transcrip-
tional complexes regulating tissue-specific gene expression,
and play both unique and functionally redundant roles in
development (Qian and Costa, 1995; Cirillo et al., 1998).
Although the forkhead family has been studied extensively,
the functions of most of its members are still unknown (Tao
and Lai, 1992; Miura et al., 1993, 1997; Ang et al., 1993;
Clevidence et al., 1993, 1994; Kaestner et al., 1993, 1995;
Hatini et al., 1994; Hackett et al., 1995). The targeted
disruption of mouse Foxa2 (HNF-3 ) gene results in de-
fects of node and notochord formation (Ang and Rossant,
1994; Weinstein et al., 1994). Foxc1 (Mf1) gene knockout
mice die at birth with hydrocephalus and skeletal defects
(Kume et al., 1998). Mutant mice of Foxj1 (HFH-4) gene
display an absence of cilia and random left–right asymmetry
(Chen et al., 1998). These lines of evidence demonstrate the
importance of this family in the embryonic development of
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Fig. 1. Targeting the Foxf2 gene. (A) A PGK-neo cassette replaces exon 1 containing the forkhead box (fragment between XhoI and EcoRI) of Fox f2 in the
targeting construct containing a total of 13.2 kb of the Fox f2 locus. The dotted lines delineate homologous fragments used in the targeting vector. (B)
Representative Southern blot analysis of DNA samples from nonrecombinant and recombinant alleles. Homologous recombination was confirmed by
Southern blotting of BamHI-digested DNA hybridized with a probe (BgIII–BamHI) located outside of the short arm. (C) PCR analysis of DNA samples from
the yolk sac of embryos. PCR products of 383 bp (Wt, wild-type allele) and 479 bp (Mt, mutated allele) were identified. (D) Northern blot analysis of the
mRNA from E11.5 embryos. Equal amounts of RNA were loaded for Northern blotting, and 1.1-kbp Foxf2 cDNA fragments were used as the probe. (E)
Meteorism in the Fox f2 null newborn. Mutant mice died with meteorism within 18 h of birth.
mammals (reviewed by Carlsson and Mahlapuu 2002;
Miura et al., in press).
The human FOXF2 gene is located on chromosome 6
(6p25.3) and is expressed in the fetal and adult lung, in the
placenta, and at low levels in the prostate, small intestine,
colon, and fetal brain (Pierrou et al., 1994; Blixt et al.,
1998). Our laboratory reported the expression of the mouse
homologue in the lung of mice and named it the LUN gene
(Miura et al., 1998) (presently called Foxf2). There is no
difference between its expression in mouse and rat tissues,
which suggests that the developmental role of the Foxf2
gene may be universal in mammals (Aitola et al., 2000). The
Foxf2 gene contains two independent activation domains,
activation domain 1 (AD1) that is a general activation do-
main in the C terminus and another (AD2) that consists of
noncontiguous regions of amino acids in the central part of
the protein (Blixt et al., 1998). AD1 is able to activate
transcription from a reporter construct when fused to the
heterologous DNA-binding domain of Ga14, which con-
firms its function as the bona fide activation domain. Acti-
vation by AD2 may depend on the tertiary structure of the
protein to bring together amino acids from distant locations
into a functional structure. In addition to binding DNA, the
forkhead domain is also responsible for nuclear localization
and interaction with the TATA-binding protein; in addition,
the internal activation domain interacts with TFIIB
(Hellqvist et al., 1998).
The DNA binding structure of Foxf2 protein is well
understood (Hellqvist et al., 1996, 1998; Mahlapuu et al.,
1998), but far less is known about its function as a tran-
scriptional regulator of development. Previously, Aitola et
al. (2000) had reported that the Foxf2 gene is expressed in
the mesenchyme adjacent to the epithelium in the alimen-
tary, respiratory, and urinary tracts, and in the central ner-
vous system, the organs of special sense and limb buds.
They presumed that the Foxf2 gene is involved in epithelio-
mesenchymal interactions and cell differentiation of the
central nervous system (Aitola et al., 2000). Foxf2 is closely
related to Foxf1. These two proteins are encoded by distinct
genes which are located on different chromosomes (Larsson
et al., 1995; Blixt et al., 1998). Their primary structures are
Fig. 2. In situ hybridizations showing Fox f2 gene expression in E10.5–
E17.5 mice embryos. Whole-mount in situ hybridization analysis in wild-
type and mutant mice (A–D). At E10.5, the wild-type embryo shown in (A)
expressed the Foxf2 gene in the maxillary primordia, the mandibular arch;
and the urogenital primordia. Expression of the Foxf2 gene was not
detected in the mutant embryo shown in (B). At E12.5, the wild-type
embryo expressed the Foxf2 gene in the oral cavity (oc), the urinary system
(us), and blood vessels of the umbilical cord (uc), and a weak signal was
found in the lung (lu) (C). The mutant embryo did not show the Fox f2
expression signal (D). Sectional in situ hybridization analysis of Fox f2
mRNA (E, G, I, dark field; F, H, J, corresponding bright field photomi-
crograph). From E12.5 to E14.5, the Fox f2 mRNA was expressed in the
tongue (to), intestines (in), the genital tubercle, intervertebral discs (idu),
and the lung (E, G). At E16.5 (I), Foxf2 expression was still seen in the
urethral mesenchyme around epithelial cells.
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almost identical within the DNA-binding forkhead domains
and in the COOH termini, where both have activation do-
mains with similar properties. The expression patterns of
Foxf1 and Foxf2 in developing mice have been reported
previously and these genes show remarkable similarities in
their expression patterns (Paterson et al., 1997; Mahlapuu et
al., 1998; Aitola et al., 2000). Recently, Mahlapuu reported
that Foxf1 gene mutant mice die at midgestation with de-
fects in mesodermal differentiation and cell adhesion
(Mahlapuu et al., 2001b). Other researchers reported that a
haploinsufficiency of the Foxf1 gene causes lung and fore-
gut malformations and leads to perinatal lung hemorrhage
(Kalinichenko et al., 2001; Mahlapuu et al., 2001a). In the
present study, we studied the developmental role of the
Foxf2 gene by disrupting this gene in mice. Unexpectedly,
we found that Foxf2-deficient mice were born without ab-
normalities of lung and foregut, but they all exhibited cleft
palate. These results indicate that, although these two tran-
scription factors have similar structures and patterns of
expression, the Foxf2 gene acts independently as a devel-
opmental regulator in palatogenesis.
Materials and methods
Gene targeting
Genomic DNA containing the Foxf2 gene was isolated
(Miura et al., 1998) from a library of mouse strain 129sv
DNA (Stratagene, La Jolla, CA). The XhoI–EcoRI fragment
containing the forkhead box of the Foxf2 gene was replaced
by a PGK-Neo cassette and the HSV-tk gene was connected
to the short arm of the construct for negative selection. The
targeting vector was introduced into E14.1 cells by electro-
poration, and homologous recombinants were enriched by
selection with G418 and gancyclovir and identified by
Southern blot analysis. Five independently mutated embry-
onic stem (ES) clones were used to produce mutant mice by
blastocyst injection as previously described (Tanaka et al.,
1995). Chimeras were mated with C57BL/6 females, and
those derived from the five ES clones transmitted the mu-
tation to their offspring. Mice were bred to generate siblings
with a C57BL/6 genetic background. In Southern blot anal-
ysis, DNA prepared from ES cells or embryos was digested
with BamHI, transferred to a nylon membrane, and then
hybridized with the 2.1-kbp probe that flanked the 3 ho-
mology region (Fig. 1A). In genotyping of embryos, PCR
was performed according to standard protocols to discrim-
inate wild and mutant alleles in the DNA from the yolk sac
of embryos. Primer sequences were as follows: 1 (Foxf2
antisense), 5-CCC TTC TCT AAT GCT CTG GG-3; 2
(Foxf2 sense), 5-TAT CGC TAG CGA AGC CCT TG-3;
3 (PGK antisense), 5-GGA TGT GGA ATG TGT GCG
AG-3. For RNA analysis in mutant mice, the Northern blot
method was used. Total RNA was isolated from embryos,
subjected to electrophoresis in formaldehyde gels, and
transferred to Hybond-N nylon membranes (Amersham,
UK). The plasmid LUN1135, which contained a fragment
of Foxf2 cDNA, was used to generate a probe. Probes were
hybridized to the membranes and washed at high stringency
(Miura et al., 1998).
Histology and immunohistochemistry
Mouse tissues were fixed in 4% paraformaldehyde over-
night at 4°C, paraffin-embedded, sectioned at 5 m, and
stained according to standard protocols (Smith and Bruton,
1978). SP-A, SP-C, CC10, TTF-1, myoD, MHC (Santa
Cruz Biotechnology, Santa Cruz, CA), and -smooth mus-
cle actin antibodies (Clone 1A4; Dako, Japan) were used in
immunohistochemistry according to protocols supplied by
the manufacturer.
Cell proliferation assay
For bromodeoxyuridine (BrdU) labeling, BrdU (Sigma,
St. Louis, MO; 0.1 mg/g body mass) was injected intraperi-
toneally into pregnant female mice or postnatal pups. In-
jected animals were sacrificed 2 h later, and the embryos
were processed and immunostained as above by using an
anti-BrdU monoclonal antibody (Clone Bu20a, Dako).
In-situ hybridization analysis
For whole-mount in situ hybridization, mouse em-
bryos were fixed in 4% paraformaldehyde in phosphate-
buffered saline (PBS) for 12 h at 4°C and stored in 100%
ethanol at 20°C. Some embryos were dechorionated
manually after fixation by using tungsten needles. Whole-
mount in situ hybridization was performed according to
Hogan et al. (1994b). The Foxf2 gene probe corresponds
to the 1135-bp (nucleotides 726-1861; GenBank Acces-
sion no. Y11148) cDNA fragment immediately 3 of the
forkhead box. Digoxigenin (DIG)-labeled antisense RNA
probes were synthesized by using T7 RNA polymerase
and DIG-labeled UTP (Boehringer Mannheim, Germa-
ny), with EcoRI-digested LUN1135 as a template. Sense
probes were made by using T3 RNA polymerase (Pro-
mega, Madison, WI), with BamHI-digested LUN1135 as
a template (Miura et al., 1998). The signals were detected
by using an alkaline phosphatase-coupled secondary an-
tibody and Purple AP substrate (Boehringer Mannheim),
and the reaction was allowed to proceed for 0.5–3 h.
Embryos to be photographed were cleared in glycerol/
PBT (PBS containing 0.1% Tween) (1:1). For sectional in
situ hybridizations, probes were synthesized with
35S[UTP] with a radioactivity of 4  105 cpm/1 using
RNA polymerase. Radioactive in situ hybridization was
performed on cryosections essentially as described pre-
viously (Hogan et al., 1994a; Seidman, 1998).
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Skeletal analysis
Skeletal preparations were made from newborn mice,
and cleared skeletons were analyzed under the stereomicro-
scope as described previously (Kessel and Gruss, 1991).
Results
Generation of mutant mice
To examine the function of transcription factor Foxf2
during development, the Foxf2 gene was disrupted by ho-
mologous recombination in ES cells. Mapping of the Foxf2
gene showed that most of the coding region is encoded in
exon 1. A PGK-neo cassette replaces the whole exon 1 of
Foxf2 in the targeting construct containing a total of 13.2
kbp at the Foxf2 locus (Fig. 1A). Five lines of targeted ES
cells were established, and chimeric mice derived from the
five clones transmitted the mutation to their offspring. Mice
derived from each clone had identical phenotypes. The
targeted locus was confirmed by Southern blot analysis
(Fig. 1B, and data not shown) and was identified by PCR
(Fig. 1C). Northern blot analysis showed that Foxf2 mRNA
was not expressed in homozygotes but was expressed in
heterozygous and wild mice (Fig. 1D). Heterozygous
(Foxf2/) mice appear normal and are fertile and have
been healthy over the normal mouse lifespan.
Foxf2/ mice died with cleft palate and air-distended GI
tract
Among the neonates obtained by crossing heterozygotes,
those who died within 18 h of birth turned out to be ho-
mozygotes (Table 1). All examined pups homozygous for
the mutated allele suffered from a cleft of the secondary
palate. Shortly after birth, the Foxf2/ mice were found
unable to suckle, as revealed by the absence of visible milk
in their stomachs. Because the mutant mice failed to form
negative pressure in the oral cavity as a result of the cleft
palate, they were unable to suckle and died within 12–18 h.
The homozygotes were indistinguishable from the wild-
type mice macroscopically, but their GI tract became irreg-
ularly distended by pockets of gas and fluid within 12 h
(Fig. 1E). The flatus first appeared in the stomach, and then
entered the intestinal tract, and ultimately filled the entire GI
tract. As intestinal distention and increased luminal pressure
might interfere with the blood supply to the splanchnic
organs, the mutant mice died within 18 h.
Embryonic expression of the Foxf2 gene
In order to investigate the distribution of Foxf2 gene
expression during embryogenesis, we analyzed mouse em-
bryos with in situ hybridization. Expression was seen
throughout embryogenesis from the earliest time point stud-
ied (E9.5). In the E10.5 embryo, whole-mount in-situ hy-
bridization showed that the Foxf2 gene was expressed in the
maxillary primordia, mandibulary arch, and urogenital pri-
mordia (Fig. 2A). In the E12.5 embryo, the Foxf2 mRNA
hybridization signal was seen in the oral cavity, the urinary
system, and blood vessels of the umbilical cord, and a weak
signal was observed in the lung (Fig. 2C). From E12.5
onwards, strong expression signals were restricted to the
developing palate, tongue, gastrointestinal tract, and urinary
system. These signals gradually diminished to undetectable
levels from E15.5 to birth. No signals could be seen in
epithelial tissues. In the oral cavity and lung, the hybridiza-
tion signal was in the mesenchyme, just beneath the epithe-
lium, while the epithelium itself does not express the Foxf2
gene. During embryonic tongue development from the bud
to the differentiation stage, the muscle layer of the tongue
had a strong signal, whereas the epithelial cells were neg-
ative. The signal gradually diminished as the distance from
the epithelium increased. No expression of Foxf2 gene
could be detected in the liver at any time point. In the
gastrointestinal tract, Foxf2 gene expression was seen from
E12.5 onwards. Initially, at E12.5, the Foxf2 gene was
uniformly expressed in the mesenchyme and in the devel-
oping smooth muscle layers of the intestinal wall, but at
E14.5, an intense hybridization signal appeared in the mes-
enchyme just adjacent to the epithelium (Fig. 2G, and data
not shown). After the onset of villus formation (E15.5),
Foxf2 expression was seen at the center of the growing
villus core as well as in the muscular layer. The pattern of
Foxf2 gene expression suggests that the transcription acti-
vator Foxf2 is involved in signaling from mesenchyme to
epithelium, in muscular layer signaling, and in the control of
mesenchymal cell proliferation and differentiation. No ex-
pression of Foxf2 gene could be detected in the corpus of
the stomach. In the urinary tract, we found the Foxf2 mRNA
in the genital tubercle of the E11 embryo, and expression
was very strong at the later stages of development. From
E13.5 onwards, the Foxf2 expression was strong in the
mesenchymal cells just adjacent to the transitional epithe-
lium of the wall of the urinary bladder, but no expression
was present in the bladder mesothelium. Up until E17.5, a
weak signal could be seen in the mesenchyme of the bladder
(Fig. 2I). A high expression could be observed in the intes-
tine and urethral mesenchyme cells around the epithelium.
No Foxf2 mRNA could be detected in epithelial cells of the
urogenital system. Foxf2 gene expression was also detected
Table 1
Breeding data from Foxf2 intercrossing
Age Litters Animals / / /
E12.5 6 54 13 (24%) 26 (48%) 15 (28%)
E14.5 4 32 7 (22%) 18 (56%) 7 (22%)
E18.5 4 37 10 (27%) 19 (51%) 8 (22%)
P0 4 34 11 (32%) 19 (56%) 4 (12%)
P1 3 22 7 (32%) 15 (68%) 0 (0%)
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in developing intervertebral discs from E12.5 to E17.5, but
the signals were restricted to the coccyx side of the back-
bone. A very similar pattern of Foxf2 expression during
mouse embryogenesis was recently reported by another
group (Aitola et al., 2000).
Defects of oral cavity in Foxf2-deficient mice
Since the Foxf2 mutant mice exhibited cleft palate, we
analyzed bone formation in the head. Skeletal preparations
from E18.5 wild-type and Foxf2 mutant embryos were
compared. The trunk skeleton, including the vertebral col-
umn, the sternum, and appendicular skeletal system, were
unaffected in the mutant embryos (data not shown). All
newborn Foxf2-deficient mice manifested an extensive cleft
Fig. 3. Abnormal palate and tongue in the Fox f2 null mice. (A, B) The cleft
of the secondary palate was externally apparent in the Foxf2-deficient
newborn pups (arrowheads in B). (C, D) Ventral view of the skull base. In
the wild-type animal, the palatal shelves of the maxilla (small asterisks in
C) and palatine (large asterisks) generated the secondary palate. In the
Fox f2 null mice, the palatal shelves of the maxilla (small arrowheads in D)
Fig. 4. Cell proliferation analysis in frontal sections of the skull of Foxf2-
deficient mice. The wild-type (A, E) and mutant mice (B, F) had compa-
rable BrdU incorporation in the maxillary primordia, the mandibular arch,
and the tongue during palatal development. View of palatal shelves at
higher magnification (C, D). The vertical growth of the wild-type and
mutant palatal shelves (arrows) was similar at the early stage of palato-
genesis. to, tongue.
and the palatine (large arrowheads) were located much more laterally. A
defect of the pterygoid bone (large arrows) was observed. (E, F) Dorsal
view of the neurocranium. In the medial region, presphenoid (PS), basis-
phenoid (BS), and basioccipital (BO) ossification centers were seen in the
wild-type mice, while the presphenoid center was defective in the Foxf2-
deficient mice. (G–J). Abnormal shape of the tongue in the Foxf2-deficient
mice. A portion of the tongue (asterisk in H) was located between the two
palate shelves in mutant mice.
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of the secondary palate without other craniofacial malfor-
mations (Fig. 3A and B). In the wild-type animals, palatal
shelves of the maxilla and palatine generated the secondary
palate. In the Foxf2-deficient mice, histological examination
showed the loss of the soft palate as well as a lateral shift of
the maxillary shelves and a failed fusion of palate shelves
Fig. 5. Developmental study of cleft palate in the Fox f2 null mouse compared with wild-type littermates. In situ hybridization analysis of E14 and E15 mouse
embryos with an antisense probe to Fox f2 (A, B, E, F). The same sections were counterstained with 0.02% toluidine blue (C, D, G, H). Fox f2 mRNA was
expressed in the muscle layer of the tongue (A). An abnormal tongue shape was exhibited in the mutant mice (D, H). After the palatal shelves formed from
the maxillary processes, the tongue descends and flattens to help the palatal shelves reach the horizontal position in the wild-type embryos (A, C). In the Fox f2
null mice, the mutant palatal shelves grew, but the tongue did not descend (B, D). After contact, adhesion and fusion of the shelves progressed rapidly in
the wild-type embryos. In contrast, the site and shape of the mutant tongue did not change. to, tongue; ps, palatal shelves; p, palate.
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(Fig. 3G–J). In the skeletal preparation of mutant mice,
several bony components contributing to the formation of
the secondary palate and soft palate bones, including the
palatal processes of the maxillary and palatine, and the
pterygoid bone were missing or deformed. In the base of the
skull, ossification of the presphenoid bone was defective
due to the secondary effects of the cleft palate. The forma-
tion of the optic canal, which is a structure contiguous with
the presphenoid bone was also affected (Fig. 3C–F).
To clarify the cause of cleft palate, we next investigated
cell proliferation during palatogenesis using a BrdU-label-
ing analysis. The data showed that no differences were
found in cell proliferation between the wild-type and knock-
out mice (Fig. 4). The results indicated that cell proliferation
and differentiation proceed normally in the mutant mice
during palatal morphogenesis. Previous studies found that
shortening or a developmental delay in Meckel’s cartilage
could prevent the closure of the palate shelves. In this study,
we found that the development of Meckel’s cartilage was
normal in the Foxf2 mutant mice (data not shown). Hence,
the Foxf2 gene might affect palate development through
another pathway in mice. In addition, mutant mice also
displayed an abnormal tongue, which was partially located
between the two palate shelves (Fig. 3G and H). Palatogen-
esis occurred relatively late in mouse development (days
E13.5–E14.5). The palatal shelves formed from the internal
aspect of the maxillary swellings, and were at first vertically
orientated, on either side of the tongue (Fig. 4A and B).
During normal palatal morphogenesis, at first the tongue
descends, the palatal shelves reorientate to a horizontal
position, and then grow together above the tongue, and fuse
with each other. The shelves then undergo an epithelial–
mesenchymal transition to fuse and form the secondary
palate (Wilkie and Morriss-Kay, 2001). In the Foxf2-defi-
cient mice, the tongue did not descend, and the shelves were
separated on either side of the tongue during palatal mor-
phogenesis (Fig. 5B and D). To determine whether the
formation of the palatal cleft in the Foxf2-deficient mice
correlated with a domain of Foxf2 expression, we analyzed
craniofacial expression of Foxf2 during palatogenesis in
mice. At the onset of secondary palate formation, Foxf2
mRNA was strongly expressed in the muscle layer of the
tongue. This expression could be detected until the palate
shelves fused with each other (Fig. 5A and E).
Immunohistochemical staining of MyoD and myosin
heavy chain (MHC) proteins in the tongue showed no dif-
ferences between the wild-type and mutant mice at E13.5,
E14.5, and E18.5 (data not shown).
It is well known that Msx1, Msx2, Tbx1, Foxc2 (MFH1),
and Foxf1 are strongly expressed in the oral cavity in mice.
These genes concern craniofacial development, and mutant
homozygotes exhibit cleft palate (Iida et al., 1997; Satokata
et al., 2000; Lindsay et al., 2001; Merscher et al., 2001;
Wilkie and Morriss-Kay, 2001). To clarify whether the loss
of Foxf2 may affect the expressions of these genes, we
analyzed the expression of the above genes in the Foxf2-
deficient mice. The results showed that the expression levels
in mutants did not change in comparison to those of the
wild-type (Fig. 6).
No abnormalities in the gut and lung development in
Foxf2-null mice
The Foxf2 gene was presumed to be involved in epithe-
lial–mesenchymal interactions. In our study, Foxf2 mRNA
was first uniformly expressed in the intestinal mesenchyme
and then a strong hybridization signal gradually appeared in
the developing smooth muscle layers and mesenchyme,
which develops mucosal or submucosal connective tissue
just adjacent to the epithelium. After the onset of villus
formation (E15.5), Foxf2 expression was seen in clusters of
mesenchymal cells associated with the growing villus as
well as in the muscular layer. However, morphological and
histological analysis did not reveal any differences between
the mutant and wild-type mice (data not shown). As the
intestinal peristalsis activity depends on the muscle layer
and nerve plexus of the intestinal wall, we investigated the
expression of the smooth muscle cell marker smooth muscle
actin (SMA) and neuron marker S-100 protein, in the mu-
tant mice. In serial sections of the intestinal wall, there were
no differences in the SMA and nerve plexus patterns be-
tween the Foxf2/ and wild-type mice (data not shown).
The loss of the Foxf2 gene did not affect the expression of
other genes, for example Foxl1(Fkh6), PDGF-A, Foxf1, and
Foxd4 (HFH-6), which are expressed in the same site as the
Foxf2 gene during intestinal development (data not shown).
In addition, the Foxf2 null mice had no morphological
defects in the lung, in which Foxf2 expression had been
seen in the E12–E16 embryos. To clarify whether differen-
tiation and maturation of lung epithelial cells are affected in
the Foxf2 knockout mouse, we investigated the expression
level of markers of lung epithelial cells. We used surfactant
protein C (SP-C) antibody for identifying alveolar type II
cells, Clara cell-specific protein (CC10) antibody for iden-
tifying bronchial epithelial cells, and thyroid transcription
factor-1 (TTF-1) antibody to determine lung maturation.
Fig. 6. Expression patterns of five genes involved in craniofacial development at E14. In situ hybridization analysis on frontal sections of wild-type (A, C,
E, G, I) and mutant (B, D, F, H, J) embryos. The results showed that Msx1, Msx2, Tbx1, Foxc2, and Foxf1 expression levels were not downregulated in the
mutant mice when compared with control littermates. Msx1 (A, B) and Msx2 (C, D) exhibited remarkable similarities in their expression patterns during
craniofacial morphogenesis. Hybridization signals are detectable in the mesenchyme around the germ of the first molar tooth. Strong Tbx1 expression was
seen in the muscle layer and epithelium of the tongue, first molar tooth germs, and epithelial cells of the oral cavity (E, F). A weak Foxc2 expression signal
was observed in the epithelial cell layer of the tongue (G, H). The Foxf1 expression was seen in the muscle layer of the tongue as well as in the mesenchyme
around the tooth germ (I, J). to, tongue; ut, primordium of upper molar tooth; 1t, primordium of lower molar tooth; e, eye.
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The results showed that the differentiation and maturation
of lung epithelial cells were not affected (data not shown).
These data suggest that the Foxf1 gene, which is the most
structurally similar family member to the Foxf2 gene, might
compensate for this gene in the gut and lung development.
Discussion
Cleft palate is one of the most common birth defects in
humans. From a clinical standpoint the significance of un-
derstanding the cellular and molecular mechanisms control-
ling palatogenesis is evident. Cleft palate has been observed
in a number of mice carrying mutations in various genes. In
this study, the Foxf2-deficient mice exhibited clefts of the
secondary palate. Although most of these phenotypes may
appear similar, the mechanisms that cause such phenotypes
could be different.
Although cleft palate is common in knockout mice, iso-
lated clefts of the secondary palate are rare in mice (Culita
et al., 1993). Isolated cleft palate is caused by the palate
shelves failing to close. Cleft palate involves palatal defects
in the absence of any other detectable craniofacial abnor-
mality. At present, three distinct causes have been identified
in Lhx8, Tgf3, and Jag2 knockout mice (Wilkie and Mor-
riss-Kay, 2001). In the Lhx8 mutant mice, the bilateral
primordial palatal shelves formed and elevated normally,
but they failed to make contact, resulting in a secondary
cleft palate (Zhao et al., 1999). In the Tgf3/ mice, the
palatal shelves contacted each other correctly, but the epi-
thelia on the medial edge of palatal shelves failed to adhere
together and eliminate the midline epithelial seam (Kartinen
et al., 1995; Proetzel et al., 1995). In the Jag2/ mice, the
unelevated palatal shelves had undergone an epithlial–mes-
enchymal transition and fused on each side with the poste-
rior portion of the tongue, and the fusion prevented the
proper formation of the secondary palate (Jiang et al., 1998).
All of these cases differ from the case of the Foxf2 knock-
out mice. Jag2 expression is observed in the epithelial cell
layer of the branchial arches and the area surrounding the
nasal pits. High levels of expression in craniofacial epithe-
lia, including nasal, tongue, and palatal epithelia, are main-
tained throughout embryogenesis (Jiang et al., 1998). In
contrast to Jag2, the Foxf2 mRNA hybridization signal was
found in the tongue mesenchyme, just beneath the epithe-
lium, while the epithelium itself did not express this gene. In
addition, the Foxf2 gene expression in the tongue was only
observed during the embryonic palate development from
days E10.5 to E15.5. In this study, we found that the vertical
growth of the wild-type and null-mutant palatal shelves was
comparable in terms of size and shape. Cell proliferation
and differentiation of palatal shelves proceeded normally in
the mutant mice (Fig. 4), but these shelves were physically
separated by the tongue in the process of fusion (Fig. 5, and
data not shown). Previous studies showed that the normal
tongue first descends and flattens to help the palatal shelves
reorientate to the horizontal position, and then the shelves
grow together, and ultimately fuse with each other (Wilkie
and Morriss-Kay, 2001). In the case of the Foxf2-deficient
mouse, our results show that cleft palate may be due to the
physical obstruction of the normal fusion of the palatal
shelves, which is caused by the tongue failing to flatten to
allow vertical-to-horizontal movement of the shelves. The
defect in controlling the shape of the tongue might lead to
cleft palate, and this mechanism could be confirmed by in
vitro culture of isolated palatal shelves from the mutant
mice. Wragg et al. (1972) described the role of the tongue in
palate development. Recently, it has been speculated that a
primary defect of the tongue may cause cleft palate in the
TBX22 mutation in X-linked cleft palate and ankyloglossia
(Braybrook et al., 2001) Interestingly, there is an obvious
similarity between the Foxf2/ mutant palatal phenotype
and human overt cleft palate without associated abnormal-
ities. The human FOXF2 gene maps to chromosome 6p25,
which is near to a locus that may contain a gene for causing
cleft palate in humans. Therefore, FOXF2 may be impli-
cated in human cleft palate.
In our study, no differences were observed between the
heterozygous and wild-type animals in their overall devel-
opment, growth characteristics, histology, or gene expres-
sion, but homozygous mice died within 18 h of birth. Au-
topsy of these Foxf2-deficient neonates revealed that they
contained large amounts of air in the stomach and intestines.
Very similar cases also appeared in the Jag2/ mice and
the Msx1/ mice (Satokata and Maas., 1994; Wilkie and
Morriss-Kay, 2001). However, other knockout mice with
cleft palate did not exhibit the air-filled GI tract (Zhao et al.,
1999). It is still unclear whether the air that fills the GI tract
is related to the cleft palate.
Foxf2-deficient mice showed no abnormalities in gut and
lung development. Foxf1 and Foxf2 encode proteins with
an identical DNA binding domain and with other domains
that are very similar. They also show remarkably similar
expression patterns during embryonic development (Pater-
son et al., 1997; Mahlapuu et al., 1998; Aitola et al., 2000).
In addition, the Foxf2 expression pattern also overlaps that
of other forkhead genes, such as Foxc1, Foxc2, and Foxl1,
which are expressed in the mesenchyme adjacent to the
epithelium in the lung, tongue, GI tract wall, and urinary
system (Kaestner et al., 1997; Kume et al., 2000). In the
long term, the Foxf2 mutant mice and double mutant mice
will be useful for studying the interdependent role of mul-
tiple forkhead genes during mammalian development.
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